Electrospray ionization (ESI) allows the transfer of multi-protein complexes into the gas phase, thereby providing a simple approach for monitoring the stoichiometry of these noncovalent assemblies by mass spectrometry (MS). It remains unclear, however, whether the measured ion abundance ratios of free and bound species are suitable for determining solution-phase binding affinities (K d values). Many types of mass spectrometers employ rf-only quadrupoles as ion guides. This work demonstrates that the settings used for these devices are a key factor for ensuring uniform transmission behavior, which is a prerequisite for meaningful affinity measurements. Using bovine β-lactoglobulin and hemoglobin as model systems, it is demonstrated that under carefully adjusted conditions the "direct" ESI-MS approach is capable of providing K d values that are in good agreement with previously published solution-phase data.
Introduction

M
any proteins form noncovalent complexes with ligands such as metal ions, cofactors, or other proteins. Multi-protein complexes are of particular interest because they play a central role in numerous biological processes. The architecture of these supramolecular assemblies ranges from simple dimers all the way to systems that encompass dozens of subunits [1] . Various experimental methods have been applied for studying protein-protein interactions. These include optical and calorimetric assays [2] , nuclear magnetic resonance spectroscopy [3] , surface plasmon resonance [4] , micro-array chips [5] , yeast twohybrid screens [6] , and analytical ultracentrifugation (AUC) [7] . Mass spectrometry (MS) offers a number of complementary avenues for characterizing protein-protein interactions [8] . Hydrogen/deuterium exchange MS monitors changes in structure and dynamics upon binding [9] [10] [11] . Similarly, alterations in solvent accessibility can be probed by covalent labeling in solution, followed by a MS-based readout [12, 13] . Affinity purification/MS has proven to be highly effective as well [14, 15] .
Conceptually, the most straightforward technique for monitoring noncovalent complexes by MS is the "direct" approach. This method involves the transfer of intact solution phase assemblies into the gas phase by electrospray (ESI) or related ionization processes, followed by detection in a suitable mass analyzer [16] [17] [18] [19] [20] . Attractive features of this strategy include its speed, sensitivity, and selectivity.
Numerous laboratories have used the direct ESI-MS approach for characterizing protein-protein complexes [16] [17] [18] [19] [20] , as well as other noncovalent assemblies [21] [22] [23] [24] [25] .
One question that remains somewhat unclear is to what extent the direct ESI-MS approach is suitable for determining solution phase binding affinities. This issue has been explored in considerable detail for protein-small molecule complexes [26] [27] [28] [29] . In comparison, affinity measurements for protein-protein interactions have received less attention. We will consider the simple example of a homodimer D that is in equilibrium with its monomeric form M in solution according to
The binding affinity of the complex is reflected in the dissociation constant
where [M] and [D] denote the equilibrium concentrations of monomer and dimer, respectively. Assuming that the concentration ratio
in solution is known, the dissociation constant can be calculated as
where
½ is the total protein concentration, expressed on a monomer basis. It is important to recognize that ESI-MS does not directly report the value of R sol . Instead, these experiments provide the ion abundance ratio R ESI ÀMS , which is given by
where I D and I M are the integrated signal intensities of dimeric and monomeric ions. The relationship between signal intensity and solution-phase concentration is given by
The response factors + reflect the extent to which M and D species in bulk solution are converted to measurable ESI-MS signals [30] . The magnitude of + depends on several factors, including how efficiently the species are (1) transformed into gaseous ions, (2) transmitted from the ESI source into the vacuum and through the mass spectrometer, and (3) converted into electronic signals at the detector. Knowledge of + M /+ D is vital for the use of ESI-MS as a tool for binding affinity measurements on the basis of Equation 4 , since
Methods for determining ESI-MS response factors have been proposed [30, 31] , but those approaches are not straightforward and their general applicability remains unclear. Hence, it is common to postulate that g M =g D % 1 [32] .
In addition to discussing K d values, a useful quantity that expresses the extent of protein interactions in solution is the fraction bound, f sol , defined as
ESI-MS provides a related value, f ESIÀMS , which is based on ion intensities according to
Analogous to the discussion above, it is seen that
The assumption that free and bound solution-phase species have the same γ value is relatively unproblematic in the case of small molecule binding to a large receptor, where the free and bound forms generate ions that cover a very similar m/z range [23, 27, 28] . For protein complexes, however, the situation is not as simple. The formation of protein-protein interactions may be associated with changes in physicochemical properties that can affect the response factors [33, 34] . The most obvious of these parameters are size and molecular weight. Smaller species tend to produce higher signal intensities [35] . Mass (or m/z) discrimination effects of this type can be caused by various factors, including insufficient collisional focusing during ion transfer [17, 18, 36, 37] .
Discrimination phenomena can also be related to the ESI mechanism. Formation of a protein complex can change the percentage of solvent-exposed hydrophobic residues, for example when monomers undergo a folding transition upon binding. Differences between + M and + D would be expected in such a case because hydrophobicity is closely linked to the ESI ionization efficiency of proteins [38] as well as other analytes [39, 40] . Also, solution phase equilibria may shift due to acidification caused by redox reactions in the ESI capillary [27, 41, 42] , or as the result of concentration changes in the shrinking ESI droplets [43] . Luckily, these equilibrium shifts tend to be small under typical operating conditions [35, 44] . Of greater concern is the possibility that nonspecific complexes can be formed from ESI droplets that contain two or more protein molecules. ESI-induced artifacts of this type can give rise to false-positive results, i.e., the observation of gas-phase complexes that did not exist in solution [17, 32, 35, 45] . Conversely, protein complexes may get disrupted during or after ESI, for example by collision-induced dissociation (CID) [19, 35, [46] [47] [48] [49] .
Whereas regular ESI employs flow rates in the μL min -1 range, nanoESI sources are operated in the nL min -1 regime [50, 51] . It is often implied that nanoESI methods provide a better reflection of solution-phase binding equilibria due to the purported greater "softness" of the ionization process [17] . Nano-ESI-MS certainly offers some advantages due to its low sample consumption. The notion that it better reflects solutionphase binding equilibria, however, is not undisputed [26, 46] .
The preceding considerations show that ESI-MS may provide a distorted view of solution phase binding equilibria in certain cases. To examine the applicability of the direct ESI-MS approach for protein-protein affinity measurements, the current work focuses on two systems, β-lactoglobulin (BLG) [32, 52, 53] and hemoglobin (Hb) [54] [55] [56] . We test the effects of different ion sources. The extent to which differential protein ionization efficiencies, inadvertent fragmentation, and artifactual clustering affect the measured data are explored. Dramatically skewed results are obtained when employing improper ion transfer settings. Nonetheless, we find that under carefully controlled conditions the mass spectra reflect the protein binding behavior in solution remarkably well.
Experimental
Materials
Bovine BLG (monomer mass 18281 Da, PDB code 1BEB) was purchased from Sigma (St. Louis, MO, USA). Protein purity was confirmed by SDS gel electrophoresis. Hb (PDB code 2QSS) was isolated from fresh cow blood in its oxygenated (ferro) form following established procedures [56] . The masses of the Hb α and β subunits (including heme, excluding oxygen) are 15,669 and 16,570 Da, respectively. Prior to ESI-MS, the proteins were extensively dialyzed against 10 mM aqueous ammonium acetate. The resulting stock solutions were diluted to the desired protein concentrations in 150 mM ammonium acetate (pH 6.8). Protein concentrations were verified by UV-Vis absorption spectroscopy. BLG concentrations throughout this work are expressed on a monomer basis, Hb concentrations are reported on the basis of heterodimeric αβ complexes.
Mass Spectrometry
All mass spectra were recorded under gentle ESI condition using a quadrupole-time-of-flight instrument (Q-TOF Ultima; Waters, Milford, MA, USA). The cone voltage and rf1 lens DC offset were adjusted to provide the highest relative signals for protein noncovalent complexes. Cone voltage values were in the range of 40 to 70 V, and the rf1 voltage was between 50 and 70 V. The desolvation temperature was set to 40°C, down from its factory-recommended standard value of around 250°C. The source block temperature was adjusted to 80°C. Cone and desolvation gas flow rates were 100 and 500 Lh -1 , respectively. Mass calibration was performed over the range from m/z 600 to 7000 using 2 μg μL -1 CsI in 1:1 (vol/vol) water/2-propanol. The ion transmission of the quadrupole is strongly dependent on the "MS profile" parameters, as discussed in the Results and Discussion section. Changing the collision cell hexapole rf settings was found to have only minor effects, and all spectra were recorded with a gain of 10 and an offset of 0.8. The maximum signal intensity in the spectra discussed below was on the order of 100 counts per s, roughly one order of magnitude below the saturation level. Increasing the pressure in the source region did not significantly affect the measured R ESI values, revealing that extensive collisional focusing occurs even under standard experimental conditions for the Q-TOF employed here. This is in contrast to other instruments previously used in our laboratory, where the source pressure has dramatic effects [57] . Three different ESI sources were tested, a pulled capillary Waters nanoESI source, an automated chip-based nanoESI system (Advion Triversa, Ithaca, NY, USA), and a regular Waters Z-spray source. The ESI voltages used for the three sources were 1.5-1.8 kV, 1.5-1.7 kV, and 3 kV, respectively. Pulled capillary nanoESI measurements employed borosilicate emitters with a Au/Pd coating (Proxeon, Cambridge, MA, USA). Solution flow for these capillaries was assisted by gentle nitrogen back pressure of less than 1 psi. The nanoESI flow rate under these conditions was estimated gravimetrically to be around 25 nL min -1 , consistent with the manufacturer's specifications. The nozzles of the Advion nanoESI chips had a diameter of 5 μm, and flow rates were in the range of 50 to 100 nL min -1 . Flow rates of the Z-spray source were controlled by a syringe pump (Harvard 22, Boston, MA, USA). All spectra were acquired in positive ion mode. Minimum smoothing was applied to the data prior to analysis, using the following MassLynx parameters: window size, ±3; number of smooths, 2. Peak area measurements for determination of I M and I D were conducted by using integration windows of Ám=z ¼ 100 around each peak.
Results and Discussion
Quadrupole Transmission Profile Q-TOF analyzers are the most commonly used type of mass spectrometer for studies on noncovalent protein complexes [16] [17] [18] [19] [20] . Intact mass measurements on Q-TOF instruments are conducted by operating the quadrupole ("Q") in rf-only mode where it serves as an ion guide [58] [59] [60] . It is important to note that an rf-only quadrupole does not transmit all ions with the same efficiency. Instead, it acts as a broad-band filter that does not allow passage of species with m/z values less than~0.8 × M*, where M* depends on the rf amplitude. On the high mass side the transmission drops gradually, and only ions up to ca. 5 × M* can pass through the device. Commercial Q-TOF instruments allow the rf amplitude (and hence M*) to be ramped during data acquisition, thereby permitting analysis of a wider m/z window [61] .
The choice of rf-only quadrupole settings has dramatic consequences for the relative peak intensities in different m/z regions of a mass spectrum. Figure 1 illustrates this effect for Hb. The experiments were conducted under semidenaturing conditions (pH 3.6), to ensure that the protein exists in various solution phase binding states (unbound α and β subunits, as well as αβ and (αβ) 2 complexes) [56] .
Previous studies do not provide sufficient information to predict the concentrations of all these species in solution at pH 3.6. However, the various binding states cover a wide m/z range which makes this particular sample well suited for illustrative purposes. For the instrument used here the quadrupole transmission is controlled by seven parameters. Dwell 1 and dwell 2 reflect the fraction of time that the quadrupole is operated at M 1 * and M 2 *, respectively. Ramp 12 is the time fraction during which the device is ramped from M 1 * to M 2 *. Similarly, ramp 23 refers to the ramp time spent between M 2 * and a third value M 3 *. Figure 1 (left hand side panels) depicts transmission profiles that were simulated for different quadrupole parameters, while the panels on the right show the corresponding mass spectra. Except for modifications of these quadrupole parameters, all data in Figure 1 were recorded under identical conditions. Figure 1 . Simulated quadrupole transmission profiles (left) and corresponding measured ESI mass spectra of Hb (right) at pH 3.6. The data were recorded using a Z-spray ESI source with a flow rate of 3 μL min -1 and a (αβ) concentration of 100 μM. Parameters for operation of the rf-only quadrupole (M 1 *, dwell 1 , ramp 12 , M 2 *, dwell 2 , ramp 23 , and M 3 *) were as follows: (a), (b) 400, 5%, 95%, 4000, 0%, 0%, 4000; (c), (d) 100, 100%, 0%, 100, 0%, 0%, 100; (e), (f) 3800, 100%, 0%, 3800, 0%, 0%, 3800; (g), (h) 1600, 3%, 0%, 400, 37%, 60%, 4000. Binding states of Hb subunits are indicated as α and β, αβ, and (αβ) 2 When trying to ensure uniform transmission over a wide m/z range it is tempting to use settings where the rf amplitude is continuously ramped between a minimum value M 1 * and a maximum value M 2 *. Unfortunately, this strategy leads to an overall transmission profile that strongly favors the m/z range around M 2 *, while discriminating against lower values (Figure 1a) . This behavior is a consequence of the asymmetric profile shape at any given M* (see above) [61] . The Hb spectrum recorded under such conditions, with M 1 *=400 and M 2 *=4000, is dominated by αβ ions, while peak intensities for (αβ) 2 and unbound subunits are much lower (Figure 1b Figure 1e demonstrates the effects of "high mass settings," yielding data that are dominated by (αβ) 2 (Figure 1f) . By carefully adjusting the quadrupole rf parameters it is possible to achieve a transmission profile that is relatively uniform between m/z 300 and 4500 (Figure 1g ). Under these conditions, unbound subunits and αβ appear with comparable peak intensities, while (αβ) 2 signals are much lower (Figure 1h) .
Overall, Figure 1 illustrates that ESI mass spectra for samples containing co-existing protein binding states are strongly dependent on the transmission characteristics of the mass analyzer. In fact, the ion intensity ratio of a complex and its unbound constituents can have any value between zero and infinity, depending on the choice of quadrupole settings (Figure 1d, f) . It is surprising that the quadrupole transmission properties hardly receive any mention in the pertinent ESI-MS literature, where ion intensity ratios (R ESI-MS , Equation 5) are used to estimate binding affinities in solution. The instrument settings of Figure 1g appear to be most suitable for binding affinity measurements because they result in fairly uniform transmission characteristics. Hence, this profile was used for all subsequent measurements of this work.
Effects of Different ESI Sources
The binding behavior of two model proteins, BLG and Hb was studied by ESI-MS under native solvent conditions (150 mM ammonium acetate, pH 6.8). BLG forms homodimers in solution. X-ray analyses of the binding interface show a number of hydrogen bonds between the AB loops of both subunits. Inter-subunit H-bonds also occur between two β strands, in addition to a pair of salt bridges [32, 52, 53] . Hb is usually referred to as a "dimer of dimers," because its solution phase behavior is dominated by (αβ) 2 = 2 αβ equilibration under native conditions [54] [55] [56] 62] . Subunit interactions in Hb are mediated by nonpolar and van der Waals contacts, as well as hydrogen bonds and salt bridges [63] . Hb dissociation into unbound α and β only plays a role under non-native conditions, as in Figure 1 [54] [55] [56] . On the basis of these considerations, the dissociation behavior of both BLG and Hb can be interpreted within the framework provided by Equations 1-9. For Hb, this requires αβ and (αβ) 2 to be interpreted as "M" and "D," respectively.
Mass spectra of both protein systems were acquired under four different ionization conditions: (1) nanoESI employing a pulled capillary emitter, (2) an automated chip-based nanoESI source, and a regular Z-spray ESI source operated at (3) 1 μL min -1 and (4) 50 μL min -1 . Data acquired for BLG show monomers and homodimers, consistent with earlier observations (Figure 2) [32, 52] . Analysis of these spectra reveals that the apparent extent of BLG dimerization under all four ionization conditions is quite similar, with f ESI-MS values of 0.69, 0.66, 0.79, and 0.72 for Figure 2a Figure 2 . ESI mass spectra of 10 μM BLG (panels on left), and 34 μM Hb (panels on right). The data were acquired with a (a), (b) pulled capillary nanoESI source, (c), (d) chip-based nanoESI source, (e), (f) Z-spray ESI source at 1 μL min -1 , and (g), (h) Z-spray ESI source at 50 μL min . M and D in the BLG spectra denote monomers and dimers, respectively. Binding states of Hb subunits are denoted as αβ and (αβ) 2 , with protonation states indicated. Except for differences in ESI voltage (see text), all spectra were acquired using identical instrument settings α and β are virtually undetectable for the solvent conditions of Figure 2 .
The data of Figure 2 demonstrate that the choice of ion source can affect the outcome of binding affinity measurements to a certain extent. However, the differences are surprisingly small, as f ESI-MS values measured under the four conditions agree within 25%. Our observations do not support the commonly held notion that nanoESI is "softer" and, thus, better suited for studying noncovalent systems, at least not for the proteins studied here. This finding is in line with the results of other protein binding experiments [26, 46] . Consistent with earlier reports [17, 47] , we also found nanoESI-MS signals to be not as stable, and the resulting spectra to be less reproducible than those acquired with a regular ESI source. This effect may be caused by clogging of the very narrow nanoESI sprayer apertures. If f ESI-MS values are to be used for judging the quality of the spectra in Figure 2 , one has to conclude that a regular ESI source operated at 1 μL min -1 provides the most favorable conditions for the observation of protein complexes (Figure 2e, f) .
Testing the Fidelity of ESI-MS Data for Affinity Measurements
Several potential pitfalls have to be considered when assessing the solution-phase binding affinity of protein complexes by ESI-MS (see Section 1). Luckily, the most pertinent points are addressable by direct analysis of the measured spectra.
Protein binding in solution can be associated with conformational changes. In these cases the subunits will be more tightly folded within the complex than in the free state [64] . Such a scenario should increase the response factor γ M relative to γ D (Equation 6) because partial unfolding enhances the effective hydrophobicity and thereby increases the ionization efficiency [38, 40] . Whether or not this case applies to the systems studied here can be determined by applying a simple test. The average ESI charge state is linked to the protein surface area in solution. For natively folded proteins a linear relationship between ln(surface area) and ln(average ESI charge state) has been demonstrated, with a slope of 0.69 ± 0.02 [65] . Figure 3 shows a ln-ln plot of this type for BLG monomers and dimers, as well as for Hb αβ and (αβ) 2 . All data points fall on a straight line with a slope of 0.66±0.03, consistent with the results of Kaltashov and Mohimen [65] . Solution-phase unfolding greatly enhances the degree of protonation during ESI [66] [67] [68] [69] , and therefore would lead to major deviations from linear behavior in Figure 3 . Thus, we conclude that complex formation is not associated with major conformational changes for the proteins studied here. In other words, a selective enhancement of free protein signals (γ M ) caused by conformational effects can be excluded.
Another point that has to be addressed is the possible disruption of noncovalent complexes by CID during ion sampling or transport [27, 49] . In other words, we have to scrutinize whether BLG monomer peaks and Hb αβ signals in Figure 2 encompass significant contributions from inadvertently formed gas phase fragments. Charge partitioning during CID can occur in a symmetric or asymmetric fashion, subject to conservation of overall charge [70] . On the basis of the very narrow charge state distributions for both BLG monomers and Hb αβ ions (Figure 2) , CID with asymmetric charge partitioning can immediately be excluded. On the other hand, symmetric fragmentation of BLG dimers would result in monomeric species with charge states centered around 13/2 ≈ 6-7, whereas (αβ) 2 would produce αβ fragments with charges in the range of 17/2 ≈ 8-9. The observed charge states for both BLG monomers and Hb αβ ions fall outside these expected ranges (Figure 2 ). This behavior implies that the extent of inadvertent gas phase fragmentation is negligible for the conditions used here. In the case of Hb, this conclusion is further supported by earlier experiments where CID of (αβ) 2 was deliberately induced, resulting in spectra that are completely different from those depicted in Figure 2 [58] .
A third potential concern is the formation of nonspecific protein-protein complexes during ESI [32, 35, 45] . Such an effect would lead to an overrepresentation of bound protein states in the spectra. Any ESI-mediated clustering should be strongly dependent on the size of the initially formed ESI droplets. The volume of these droplets is proportional to the solution flow rate [38, [71] [72] [73] . Larger droplets undergo a greater number of evaporation/fission cycles, thereby increasing the protein concentration in the final droplets that produce gas phase analyte ions [17, 35] . Thus, the formation Figure 3 . Plot of ln(average ESI charge state) versus ln (surface area, Å 2 ), following the approach of ref [65] . Average charge states for each protein were calculated as described previously [38] on the basis of integrated peak areas, averaged over all spectra shown in Figure 2 . Solvent accessible surface areas were calculated for BLG monomers and dimers from pdb file 1BEB using the program GetArea (http://curie.utmb.edu/getarea.html). PDB file 2QSS for used for Hb of nonspecific aggregates should be enhanced at higher flow rates, thereby providing a tool for assessing whether or not clustering artifacts occur under the experimental conditions used. Comparison of mass spectra recorded at 1 μL min -1 (Figure 2e , f) and 50 μL min -1 (Figure 2g, h) show that increasing the flow rate does not lead to higher signals for bound species. Therefore, the f ESI-MS values measured for BLG and Hb are not significantly affected by nonspecific clustering. It is interesting to note that abundance of dimeric BLG and Hb (αβ) 2 actually decreases slightly when the flow rate is raised. This may be due to more favorable desolvation at 1 μL min -1 (Figure 2e, f) . In summary, the spectra of Figure 2 appear to be free of major ESI-induced complexation and fragmentation artifacts. Moreover, the linear relationship of Figure 3 suggests that conformationally-induced differences in the ionization efficiency of free and bound proteins are small. The quadrupole transmission has been adjusted to ensure that m/z-dependent discrimination effects are at a minimum ( Figure 1g ). Only after considering all of these points, it is justified to assume that γ M ≈ γ D (Equation 6). Hence, the value of R ESI-MS should closely match the concentration ratio R sol (Equation 7), such that dissociation constants can be determined directly from ESI-MS intensity ratios (Equation 4). The validity of these considerations is confirmed by the results discussed in the subsequent section.
Concentration-Dependent Measurements
For any dissociation equilibrium in solution (Equation 1), the fraction of bound protein depends on the total concentration [P] 0 . Elevated protein concentrations will increase the value of f sol . Figure 4 depicts the results of comparative ESI measurements on BLG and Hb, where [P] 0 was altered by two orders of magnitude. The data were acquired using a standard Z-spray ESI source at 1 μL min -1 . As expected, the resulting spectra show an increased abundance of bound protein at elevated [P] 0 . Dissociation constants were determined from the measured R ESI values at different [P] 0 , assuming that g M =g D ¼ 1 (Equations 4, 7) . The resulting K d values are summarized in Table 1 . BLG dissociation constants determined in this way at different protein concentrations agree within a factor of two. When averaging these data a value of K d ¼ ð2:2 AE 0:7Þ μM is obtained. This result is in reasonable agreement with the literature value of 4.9 μM, which was measured by AUC for BLG [53] . The spread in the ESI-MS-derived K d values for Hb is somewhat larger, between 1.3 and 3.6 μM. However, this level of variability is quite common when measuring dissociation constants under different conditions [74] . Most importantly, the average K d value of (2.4±1) μM for Hb is consistent with a the results of various solution-phase assays that provided a dissociation constant of 2 μM [62, 75] .
The fact that similar K d values are obtained at different protein concentrations confirms that the spectral changes seen in Figure 4 
Conclusions
This work demonstrates the feasibility of using the direct ESI-MS approach for quantitative measurements of proteinprotein binding affinities (K d values) in solution. Special care must be taken to ensure that the data obtained in these experiments are not affected by artifacts related to the ionization or detection processes. In contrast to proteinsmall molecule complexes, free and bound forms of proteinprotein assemblies cover a much wider m/z range in the spectra. This aspect leads to unique challenges. A key aspect that has received little attention in previous studies is the parameter setting of rf-only quadrupoles in the ion path. Only carefully adjusted conditions provide a relatively uniform transmission profile. When studying protein-protein assemblies, practitioners may by tempted to employ quadrupole parameters that maximize the relative abundance of bound species. It can be very misleading to employ data acquired under such skewed conditions for affinity measure- ments ( Figure 1 ). In addition, we caution that other ion optics such as hexapoles and stacked lenses may also be associated with m/z-dependent discrimination effects [58] . Some of these factors are not easily controllable by the user, and they are not as well characterized as the quadrupole behavior. A proper test for the uniformity of the overall transmission profile is the comparison between ESI-MSderived K d values and solution-phase measurements for a number of well studied model systems.
Except for its lower sample consumption, the use of nanoESI does not offer any advantages for the two protein systems studied in this work. In fact, the highest abundance of BLG dimers and Hb (αβ) 2 complexes (and the best agreement with previously measured K d values) was obtained with a regular ESI source operated at 1 μL min -1 (Figure 2) . Spectra of protein-protein complexes and their free constituents can be subjected to a number of simple controls. In cases where formation of a protein complex is associated with major conformational changes the ionization efficiencies of free and bound forms are expected to be significantly different. For complexes with known X-ray structures, a ln-ln plot of the type depicted in Figure 3 is a useful tool for determining whether or not such conformational factors occur. Comparison of the ESI charge states for free and bound species gives an indication whether the measured spectra are affected by CID artifacts. Flow-rate-dependent measurements can reveal the extent to which nonspecific aggregates are formed. Another test for the fidelity of the direct ESI-MS approach is binding affinity measurement conducted at various protein concentrations, all of which should provide very similar values of K d . In future work it will be interesting to extend the measurements of this study to a range of other protein complexes. We are hopeful that the direct ESI-MS approach will become well-established for determining protein-protein binding affinities, similar to the case of protein-small molecule interactions where this strategy is already fairly commonplace.
